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Components of solid rocket motor that are susceptible to ageing are propellant, insulator, inhibitor, interfaces, 
igniter system, and seals. Seals, insulator, ignition systems are replaceable but the motor would be recast when the 
deterioration in propellant and liner are beyond specified limits due to the ageing. There is a large body of 
literature available on the ageing of composite solid propellant, each focusing only on a particular type of ageing 
in propellants rather than having a synergistic view of the various different ageing processes and hence the 
literature looks disconnected. Further, there are a few studies which are still classified and are one of the reasons 
for the above disconnect. This review paper is an attempt towards establishing the bridge among these studies. 
Different types of ageing: physical, chemical ageing, hygro-chemical ageing and the deterioration associated with 
cumulative damage have been discussed in detail. The ageing related deterioration plays an important role in the 
safe-life estimation of solid propellant based rocket motor. Therefore, sources and mechanisms of ageing have 
been explored and their associated effects on the propellant properties (physical and mechanical) are also 
described. A summary on accelerated ageing methods which are typically followed to study thermo-chemical 
ageing of propellants is presented in this paper. Studies related to the degradation of propellant-liner interface 
are also reviewed. Advances in health monitoring (passive and active) of stored grains have been visited. Further, 
the gap in propellant ageing research have been identified and suggestions are provided for the future research. 


1. Introduction 


Solid rockets might be the oldest chemical propulsion systems in the 
human history. Their mentions can be traced back to 1200 AD when the 
Chinese repelled the Mongol invaders by their ‘arrows of flying fire’ or 
possibly much earlier when the Chinese started using a simple form of 
gunpowder made from saltpeter (potassium nitrate), sulphur, and char- 
coal dust to create fireworks during their festivities.| On the Indian 
sub-continent, Hyder Ali and Tippu Sultan were the first to use rockets in 
the 18th century against the British army.” Sir William Congreve 
improved these rockets which were subsequently known as Congreve 
rockets.” The science behind the rocketry has evolved over centuries 
since the earliest usage of gunpowder based fireworks to the modern 
rocketry. The modern rocketry was established by Konstantin Tsiolkov- 
sky in 1903. Subsequently, the solid rocket has evolved due to the need 
for better missile defense systems and space exploration. 

In both defense and space applications, a solid propellant based 
rocket motor is preferred over a liquid/hybrid rocket motor due to the 
following advantages: simple construction, mobility, high thrust capa- 
bility, readiness to launch on short notice and relatively moderate storage 
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conditions. Solid propellant is a solid phase mixture of oxidizer and fuel 
which releases the required energy for propulsion on combustion. Solid 
propellants are broadly classified into two categories namely: ‘homoge- 
neous’ and ‘heterogeneous’ propellants. In a homogeneous solid pro- 
pellant, fuel, oxidizer, stabilizer and plasticizers are mixed at the 
molecular level to form a colloid and the ingredients are indistinguish- 
able after mixing. Depending upon the number of active substances (that 
release energy upon combustion) in the composition, a homogeneous 
solid propellant can be single-base, double-base or triple-base. Double- 
base propellants are used in anti-tank missiles and short-range surface-to- 
air missiles. Composite solid propellants (CSPs) are the heterogeneous 
multi-modal mixtures of oxidizer (micron size particles), binder (polymer 
based), metal & metalloid fuel additives, plasticizers, chain extenders, 
ballistic modifiers and antioxidants. Composite solid propellants are 
frequently used for long-range strategic missiles due to the steady 
burning rate, higher specific impulse, and higher specific density. ^” 


1.1. Composite solid propellants 


Composite solid propellants evolved along with the development of 
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their binder system. Primarily, a binder system consists of a liquid pre- 
polymer and a curing (cross-linking) agent. The binder system holds 
together all the ingredients of CSPs to forms a particulate composite, 
provides the required mechanical properties to the composite and also acts 
as a primary fuel. Non cross-linked binders (e.g., asphalt) used during 
World War II had a very narrow temperature operation range and 
slumping issues in large diameter motors. In 1940s, cross-linked binders 
(such as polysulphide, polyester, polyurethane, polystyrene based) were 
introduced and further developed to meet the service needs of higher 
flexibility, higher solid loading and a wide operating temperature range. 
Polybutadiene based binder systems were introduced due to their 
compatibility with Al (aluminum), a fuel additive and higher flexibility at 
low temperature conditions. Among them, polybutadiene acrylic acid 
acrylonitrile (PBAN) and carboxy terminated polybutadiene (CTPB) were 
extensively used till the late 1960s. However, they suffered variation in 
initial mechanical properties due to the variations in cross-linking sites. 
Since the early 1970s, hydroxyl-terminated polybutadiene (HTPB) became 
the principal prepolymer for binder system due to easy curing process 
(even at a lower temperature), reproducibility, good mechanical proper- 
ties over wider temperature range and better ageing properties. ™^®-8 

Typically, plasticizer and other additives like chain extender, ballistic 
modifier, bonding agent, antioxidant are introduced, before the poly- 
merization, to enhance the properties of the binder system. Plasticizer 
(e.g., dioctyl adipate (DOA)) is used as an additive to increase flexibility 
of polymeric chains and to improve rheological properties during the 
propellant mixing process. Metal particles of micron size (e.g., aluminum, 
magnesium) acts as secondary fuel and increase the combustion tem- 
perature leading to higher specific impulse. Metal oxides (e.g., Iron 
oxide) and metalloids (e.g., Boron, Magnesium) are also added as com- 
bustion catalysts. 

In practice, ammonium or potassium perchlorate, ammonium or po- 
tassium nitrate are some of the oxidizers utilized in producing CSPs. In 
most cases, ammonium perchlorate (AP) is preferred due to its density, 
thermal stability and higher proportion of oxygen. However, the use of 
perchlorate leads to serious environmental issues such as ground water 
contamination (may lead to thyroid cancer), ozone layer depletion and 
increase in acid rains due to the formation of large quantities of hydro- 
chloric acid on combustion. Therefore, there has been a quest for a green 
oxidizer which has a lower environmental impact and plume signature. 
Ammonium nitrate (AN), ammonium dinitramide (ADN) and hydrazi- 
nium nitroformate (HNF) are promising chlorine free oxidizers, devel- 
oped in the recent past.? Conventionally, AN is used in nitrogenous 
fertilizers and industrial explosives. AN finds application as an oxidizer 
for solid propellant due to its lower cost, lesser & cleaner combustion 
byproducts and simpler handling & storage (less sensitivity to friction 
and impact). However, AN based propellants tend to have near room 
temperature crystallographic phase transition, limited range of burning 
rates and do not support efficient burning of Al.!°!! ADN and HNF are 
considered as possible replacements of AP due to higher burning rates 
and specific impulse. ™”!>!? However, they pose challenge in handling 
and storage as they are sensitive to shock, light and moisture.™!° Further, 
HNF requires newer processing methods to handle its incompatibility 
with the conventional HTPB binder system. ™!? 

After the typical mixing process, the CSP is either directly cast (vac- 
uum or injection) into a rocket case for case-bonded grain or in a cylin- 
drical mould (that also acts as a burning inhibitor) for a free standing 
grain which would be loaded as cartridge in a rocket case at later time. 
For a case-bonded grain, thermal insulator, inhibitor and liner are pre- 
installed in the motor case prior to the casting. The liner acts as a 
bonding interface between the insulator and the propellant. Case-bonded 
grain configuration is preferred for large rocket motors. ^®>14 


1.2. Ageing 


Ageing refers to the deterioration in the physical, ballistic and me- 
chanical properties with time which is driven by the changes in physical 
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characteristics, chemical composition or thermodynamic state due to 
interaction of the material with the environment. ™!° Solid rocket mo- 
tors are produced in large numbers, are stored for many years and are 
usually transported to different harsh & remote launch sites before their 
intended usage. Typically, the minimum service life requirement of any 
solid rocket motor is 10 years after casting of the propellant and/or after 
assembly of the rocket motor. Although the assembled rocket motors are 
stored under controlled conditions before the actual use in a missile, the 
grain experiences mechanical, thermal and vibratory loads and its 
chemically active ingredients interacts with the environment (tempera- 
ture, oxygen, etc.). Under these conditions, they are expected to have a 
long shelf-life. However, both the homogeneous and composite pro- 
pellants are found to be susceptible to ageing during the long storage 
period. 

Ageing in a solid propellant grain is found to be slow and complex due 
to various influencing factors and resulting mechanisms. Different failure 
modes such as formation of cracks, debonding at interface, migration and 
slump (excessive deformation) were observed in aged rockets during 
inspections. 118 Fig. 1 depicts some of these failure modes. Even in the 
absence of such damages (macroscopically invisible), there are also in- 
cidences of significant deviation in the ballistic performance from the 
design values, due to the migration of chemically unbonded in- 
gredients.!? Therefore, understanding the ageing phenomenon of the 
solid propellant and rocket motor interfaces are essential in determining 
the in-service time (or shelf-life) of a rocket motor. 

The available literature indicates that AP, Al and HTPB have estab- 
lished themselves as the leading oxidizer, fuel and binder system for CSP 
grains used in large rocket motors. Henceforth in this paper, a detailed 
review on the ageing of AP/HTPB and AP/Al/HTPB based CSP is pre- 
sented. Since the mid-1970s, researchers have been studying the ageing 
of AP/HTPB based CSPs and hence, there is a large body of literature 
available, whereas limited literature is available on ageing studies of 
rocket motor interfaces which is equally important to estimate the service 
life of rocket motors. The purpose of this paper is to give a comprehensive 
summary connecting these works, observe the ageing effects on the 
performance properties of the CSP and suggest some future research 
areas on this broad topic. 

The ageing study of a solid rocket motor consists of experimental 
studies on specimens representing individual components, sub-systems 
and full scale motor by means of natural ageing and accelerated ageing 
techniques. Consequently, the ageing methodology involves evaluation 
at four different levels, as indicated in Fig. 2. At Level-1, tests are carried 
out on representative specimens of individual materials: propellant, 
insulator and inhibitor. Level-2 involves study of propellant-insulator, 
propellant-inhibitor and motor-insulator interfaces. The specimens for 
Level-1 (individual components) and Level-2 (interface) studies are 
drawn from cartons. Cartons are blocks of propellant or propellant-liner 
interfaces (typical size of 300 mm x 300 mm x 180 mm) cast along with 
actual rocket motor casting, or for every new propellant composition 
trials, in order to check the batch properties of the rocket motor. At Level- 
3, the studies are carried out on Proto-type motors: (a) sub-scale motors 
simulating the critical interfaces that dominate the service life of rocket 
motor; (b) Lambda motors designed such that thrust-time profile matches 
with the actual full-scale motors and (c) ballistic evaluation motors which 
are cast for every new batch of propellant composition to evaluate its 
ballistic properties. The final stage of evaluation is studies on the full- 
scale motors, i.e., Level-4. At this stage, periodic health monitoring 
(surveillance) of the actual motors is carried out by visual inspection, 
Ultrasonic Testing (UT) and radiography. Mechanical and ballistic 
properties are evaluated from motor dissections and static firing of the 
actual motor at periodic time intervals. Studies at all the levels need to be 
carried out on specimens, cartons and motors aged naturally to under- 
stand the ageing phenomenon. However, natural ageing happens over an 
extended time period and the results are not available in timely manner 
to enable prediction of useful life of the rocket motor. Consequently, 
accelerated ageing under elevated temperatures using various methods 
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(b) Crack formation 


(d) Slump deformation 


Fig. 1. Typical failure modes in grains due to ageing: (a) debonding between 
liner and grain, (b) crack formation, (c) migration of the ingredients and (d) 
slump deformation.*°*! (Image reprint permission was obtained from the 
original publisher.). 


(as described later) is carried out at Level-1, Level-2 and Level-3. How- 
ever, to validate the developed accelerated ageing methodologies, 
degradation during accelerated ageing has to be correlated with natural 
ageing studies at all levels. 

In literature, three different types of deterioration processes in CSP 
have been reported, namely: (a) physical ageing (b) cumulative damage 
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and (c) chemical ageing. In the following sections, these processes have 
been studied in detail and their respective impacts on the physical and 
mechanical properties of the CSP are discussed. Physical properties like 
density and hardness are quality check measurands and could indicate 
the grain deterioration during periodic checks. Mechanical properties 
like stiffness, tensile strength, percentage elongation, relaxation 
modulus, etc., are used in the stress/strain analysis of the grain, subjected 
to various types of loads from its cast to firing. Ballistics properties: burn 
rate, energetic and specific impulse are very critical parameters which 
dictate the mission trajectory and performance of the motor. Any sig- 
nificant deviation in these properties from the specified values would be 
a threat to the rocket/launch mission. Any debond at the interfaces and 
cracks in the grain due to ageing would lead to an increase in the pro- 
pellant burn rate locally and could cause instability, eventually leading to 
a catastrophic failure of the rocket motor itself. 


2. Physical ageing 


When a polymer is quenched below its glass transition temperature, it 
changes from rubbery state to glassy state (molecular chain rearrange- 
ments). There is a significant loss in mobility of molecular chain and its 
segments, however, the mobility does not cease. During this process, the 
polymer reaches thermal equilibrium with it surroundings before it 
reaches its thermodynamic equilibrium (Fig. 3a). Over a period of time, it 
slowly evolves (relaxes) towards its thermodynamic equilibrium under 
no mechanical load, accompanied with the changes in free volume, 
enthalpy, entropy and mechanical properties. This process is termed as 
physical ageing. Physical ageing is a thermo-reversible phenomenon and 
involves no chemical modification, e.g., breaking/forming of atomic 
bonds or permanent modification of the chain structure.?” 


2.1. Physical ageing related to glass transition 


The thermograms (obtained using differential scanning calorimetry 
(DSC)) of HTPB based binder system exhibit several thermal transitions 
in temperature range of —100 °C-100 °C (Fig. 3b). The lower tempera- 
ture transition is associated with glass-to-rubber transitions of the soft 
HTPB segments and the higher temperature transition is related to glass- 
to-rubber transitions of the hard HTPB segments.” The above mixed soft 
and hard segments are the typical chain structure of HTPB based binder 
system. The soft (long) segments are the main chain elements and hard 
(short) segments are the cross-links.” The lower glass transition tem- 
perature of the cured HTPB is around —70 °C which gets marginally 
reduced (more negative) due to the addition of chain extenders and 
particles (AP/Al).?*:?° Therefore, the physical ageing associated with the 
lower glass transition temperature of the CSP is not a concern during the 
storage period. However, the higher temperature transitions (>-20 °C) of 
the CSP may be a concern for the low temperature storage locations. 
Moreover, the relaxation process of the hard HTPB segment becomes 
complex due to the presence of particles which significantly affect the 
mobility of hard segments and introduce damping in the network.” 

The literature on the physical ageing associated with the hard 
segment of the CSP is limited. Researchers” °° studied the thermal 
transitions and morphological/structural changes in the HTPB based 
CSPs using dynamic mechanical analysis (DMA) under cyclic loading and 
low strains. Nevertheless, the above mechanical loading might influence 
the relaxation process related to the physical ageing. In the constant 
frequency—temperature sweep DMA test, loss factor variation curve had 
two distinct maxima (Fig. 4a) which were related with the relaxation 
events in the chain structure. The first peak (narrow) indicated the lower 
glass transition temperature of the CSP and was referred as «-transition. 
The second peak (broad) was called f-transition and was related to the 
motion of short-hard-segments. Bihari et al.” have indicated that 
-transition might occur above 0 °C. Further, the complete binder 
network would also be affected by curing stress (section 3.1) and 
chemical ageing (section 4), causing increase in the cross-link density 


H. Naseem et al. 


Energetic Materials Frontiers 2 (2021) 111-124 


AGEING METHODOLOGY IN SOLID ROCKET MOTORS 


LEVEL 1: Tests on representative specimens of the 
individual materials: Propellant, Insulator, Inhibitor 


LEVEL 2: Tests on cartons to study the interfaces 


LEVEL 3: 
A. 
B. 


Proto-type motors 
Sub-scale motors: simulating the critical interfaces 
Lambda motors: designed such that thrust-time 


. Propellant — Insulator 
. Propellant — Inhibitor 
. Motor - Insulator 


profile matches the actual full-scale motor 


C. 


Ballistic evaluation motors: Cast for every new 


batch of propellant composition to evaluate its 


ballistic properties 


LEVEL 4: 
A. 


B. 
evaluation 
C. Static firing 


Full-scale motor testing: 

Surveillance: periodic health monitoring-visual, 
UT, radiography 

Dissections: mechanical & ballistic property 


Fig. 2. Ageing methodology for evaluation of the ageing in composite solid propellant based rocket motors. 


during storage. de la Fuente? have also demonstrated that the glass 
transition of the soft segments increased due to isothermal ageing at 65 
°C. Therefore, there is a scope to study the physical ageing in CSP grain 
for low temperature storage condition and its influence on the mechan- 
ical and ballistic properties. 


2.2. Physical ageing due to migration of chemically unbonded species 


In the CSP based motors, there is another prevailing form of physical 
ageing. It is related to the motion of few chemical species within the 
polymer network and to the diffusion/absorption of foreign species 
(solvent or water) in the network and is also referred as physico-chemical 
degradation.” During the CSP manufacturing, the plasticizer is added to 
lower glass-to-rubber transition temperature (for better lower tempera- 
ture storage) and to improve the pot life of propellant slurry and strain 
capability of the propellant. It also enhances the flexibility of bulk pro- 
pellant, especially at low temperatures. However, the plasticizer is not 
chemically bonded to the binder network and tends to migrate after the 
cure period as well. In case-bonded grain, there could be inter-migration 
of plasticizer and curing agent (during the curing period) between liner 
and grain beside the above intra-migration of plasticizer (Fig. 4b). 
Further, moisture present in the ambient of the propellant grain could 
diffuse into the grain and could lead to both the physical and chemical 
ageing. Moreover, moisture can also be present as a contamination 
during the propellant manufacturing. The above migration and diffusion 
would change physical (swelling/shrinking & softening/hardening of 
liner/propellant), mechanical & ballistic properties of the propellant and 
adhesion properties at the liner-propellant-insulator interfaces. Various 
studies on the plasticizer, catalyst, curing agent migration and mois- 
ture/water diffusion have been discussed in the following paragraphs. 
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Dee et al.°°; Probster and Schmucker!”; Venkatesan et al.°! reported 
that the tendency to migrate was strong near liner-propellant grain 
interface and the migration rate reduced with increasing distance from 
the interface (i.e., towards the core). It occurs because liner is also a 
polymeric material that contains plasticizer of different concentration. 
Inter-migration of plasticizer from liner to propellant grain and vice versa 
during the storage period caused changes in characteristics of the pro- 
pellant, insulator and their interfacial bonding. The migration of plasti- 
cizer increases burn rate which leads to coning in the end burning grain 
and pressure peaks at the end of quasi-steady combustion in the core 
burning grain. Probster and Schmucker!’ suggested that the plasticizer 
migration could be contained or minimized by proper grain distribution 
during mixing and by increasing cross-link density. 

Gottlieb and Bar”? studied the intra and inter migration of DOA in the 
cast propellant through Fick's law based diffusion process. They 
confirmed that the plasticizer migration had significant effects during the 
curing period and the initial period of ageing. However, once homoge- 
neous concentration was reached, plasticizer migration is minimized. 
They also suggested that the plasticizer migration would be overtaken by 
other ageing mechanisms during the long storage period. Their 
diffusion-based plasticizer migration model was verified by Libardi 
et al.” for other plasticizers. Judge** showed that the degree of pro- 
pellant/grain confinement has significant effect on the plasticizer loss 
during the ageing and suggested that a weather-sealed rocket motor 
would not suffer plasticizer loss during the storage. In literature, various 
other techniques such as periodic rotation of the motor, use of migration 
barriers and chemical bonding of plasticizer with binder network were 
employed to alleviate some of the physical ageing effects. 

Various researchers have established that AP particle size and multi- 
modal particle packing have decisive effect on the burn rate and 
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Fig. 3. (a) Change from rubbery state to glassy state and (b) Differential scan- 
ning calorimetry (DSC) thermogram showing the thermal transitions. 


combustion characteristics of the CSP. AP is a hygroscopic, soluble in 
water and forms agglomerate on humidity exposure which leads to in- 
crease in AP particle size and change in the particle morphology.” 
Bunyan et al.° reported that the moisture could initiate recrystallization 
and form agglomerates of small oxidizer (AP) particles. Humidity diffu- 
sion in the grain could lead to poor oxidizer surface, porosity and 
shrinkage which could cause dewetting at the oxidizer/binder interface 
and reduction in burn rate.'”°° Moisture exposure also causes chemical 
ageing and has been described in section 4. 


3. Cumulative damage 


A composite solid propellant behaves as a non-linear, thermo-visco- 
elastic material which exhibits time-temperature history dependent 
response and undergoes finite deformation upon loading. When a CSP is 
loaded, small micro-structural damages occur within the material and 
weakens it for the subsequent loadings. These damages get accumulated 
upon repeated loading/unloading and continuously reduce the load/ 
deformation bearing capacities of the material. The above deterioration 
is referred as cumulative damage phenomenon or mechanical 
ageing.°°°” During the storage period, a propellant grain experiences 
various load and temperature histories due to post curing cooldown, 
ambient temperature diurnal variation, bulk load, transportation and 
handling. All these loading cases contribute to the cumulative damage of 
the CSP which is further worsen due to the ongoing physical (section 2) 
and chemical (section 4) ageing. 
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(a) DMA transition curve 
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Fig. 4. (a) Schematic of loss factor variation curve obtained from DMA showing 
the thermal transitions and (b) schematic of inter-migration/diffusion of 
chemically unbonded constituents (e:g:, plasticizer/curing agent) from higher 
concentration to lower concentration in a rocket motor. 


The cumulative damage leads to failure: cracks in the grain, debonds 
at the interface with liner and excessive deformation of grain. For pro- 
pellant grains, various cumulative damage assessments based on Miner's 
law”® and its derivative: linear cumulative damage model’? are found in 
literature. However, most of these studies focus on the damage associated 
with the environmental temperature variations and corresponding 
service-life prediction (section 3.3). Service-life prediction (or reliability 
assessment) of a grain follows probabilistic approach due to the vari- 
ability present in the induced loads and material properties, both of them 
considered as random variables.” In the following sections, literature on 
the cumulative damage of a CSP grain and service-life prediction models 
have been discussed with respect to the different load/temperature 
histories. 


3.1. Residual stress due to cooldown after the cure 


AP/HTPB based propellant is typically cured at around 60 °C and the 
grain is assumed to be in stress-free state at this temperature. After the 
cure, the grain is allowed to cool naturally or at a slower rate to the 
ambient temperature, for ensuring uniform temperature in the grain. 
During this cooldown, the free-standing grain encounters only thermal 
strain and no stress due to thermal contraction (or shrinkage). However, 
a case-bonded grain experiences thermal stresses due to its constrained 
geometry and the mismatch between the coefficients of thermal 
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expansion of case, liner and propellant. The coefficient of thermal 
expansion of the solid propellant and liner are typically an order of 
magnitude greater than that of the case material. Therefore, the grain and 
liner would shrink to a greater degree than the case which would restrain 
the grain/liner shrinkage. This would result in significant thermal stress 
at the case/grain interface and becomes of larger concern in large size 
motors. Moreover, the grain also experiences biaxial stresses at the inner- 
bore surface during this restrained shrinkage.*?”** Fig. 5 shows the 
schematic of the post cure propellant shrinkage and associated 
deformation. 

In earlier studies, analytical solutions for stress and strain fields for a 
composite cylinder: representing a core burning grain with case, were 
obtained under plain strain conditions using thermo-elasticity.*° Both the 
case and the propellant were considered linear elastic. End effects (3D 
effects) were included through length-diameter ratio parametric curves 
and the stress concentration pertaining to various port designs was 
accounted using photoelasticity.’**° The time-dependent behavior of the 
propellant was modeled using linear viscoelasticity and correspondence 
principle. The propellant response was captured through spring dash-pot 
combinations." Later, these analyses were refined and improved 
employing finite element method and more realistic material models.‘ 
This provided an estimate of the stress/strain field in the grain after the 
cure. The above state became the reference state for the subsequent 
loading cases. Further, fibrous composite cases allowed curing under 
pressure and minimizing the residual shrinkage stress/strain for small/- 
medium sized motor.‘ 


3.2. Slump 


A large composite solid propellant grain is prone to creep or excessive 
deformation (slump) due to its viscoelastic nature, large bulk load, dy- 
namic loads sustained during transportation and long storage period. 
Slump due to short time-high acceleration loads during flight have not 
been considered in this review. Although the induced stresses due to the 
above loads are small in magnitude, their cumulative effects during long 
storage period may be significant. A motor may be stored in horizontal or 
vertical position with different support conditions. In vertical position, 
the slump tends to increase the grain port diameter near the throat when 
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(a) Cooldown shrinkage (b) X-ray image of a grain 


Fig. 5. Schematic of the longitudinal cross-section of a case-bonded grain before 
the start of the curing and at end of the cooldown’; (b) X-ray image of a cured 
grain showing shrinkage post cooldown.** (Image reprint permission was ob- 
tained from the original publisher.). 
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there is no end support (Fig. 6a). Otherwise, the slump would tend to 
choke the nozzle throat due to port bulging near to the end support 
(Fig. 6b). Fig. 6c shows the slump deformation in the port of a horizontal 
motor which would incite port blockage. 

Similarly, a motor may be subjected to intermittent, random vibration 
while transportation/handling and consequently exhibit slump (Fig. 1d). 
Moreover, extended period of vibration may also lead to cracks in the 
grain, softening of the propellant and migration of chemically un- 
bounded ingredient to the free surface.*° Auto-ignition may also get 
triggered due to internal heating and slower heat dissipation (owing to 
lower thermal diffusivity of the propellant) during the excessive vibra- 
tion. The above cases of slump deformation affect motor internal ballis- 
tics and may lead to phenomenon called structural ballistic interaction,”! 
henceforth, need to be predicted during the grain design. Typically, in- 
ternal support structure is provided in the motor case to keep the slump 
deformation within the limit for larger grains. Moreover, the stored 
motor is periodically rotated to minimize the slump. High frequency and 
long-time period vibratory loads are avoided during transportation and 
ground handling. 

Knauss*° presented approximate solutions (both the elastic & time 
dependent material) for slump displacement in the vertical storage po- 
sition. Boyd et al.'* found considerable slump deformation in a large 
sized grain in a rigid case, when stored in vertical position with no end 
restraint. They have estimated the critical slump deformation of 0.327 
inch after 100 min of storage for a large size motor (15 feet diameter & 53 
feet length). They had used four-parameter spring-dashpot model (linear 
viscoelastic) to represent the creep response of the propellant over long 
time and hence suggested an appropriate support structure to reduce the 
slump deformation. Slump deformation for a long, viscoelastic 
port-burning grain (in rigid case) stored in horizontal position was ob- 
tained by Lianis.*” In continuation, Herrmann and Tamekuni “° consid- 
ered the finite length grain with curve and flat end and showed that 
longitudinal & circumferential shear stresses at the liner-grain interface 
were much higher in the finite length grain. 

However, the above solutions did not consider different port geom- 
etries which could only be addressed through finite element analysis 
(FEA). Renganathan et al.*” performed FEA of a large, port-burning grain 
in a maraging steel case with no end support and the FEA based esti- 
mation of slump deformation matched well with the measured slump. 
Nawaz and Nizam” estimated the slump deformation for grains (linear 
viscoelastic) with the star-port geometry in both the horizontal and 
vertical positions with no end supports. They have also performed cu- 
mulative damage study for the grain when it was stored in different 
positions sequentially. Deng et al.°! analyzed the creep deformation of an 
actual 3D grain (non-linear viscoelastic) due to long-term storage of 10 
years coupled with chemical ageing. 

Ostrem? provides a good resource for estimating (theoretical) 
vibratory loads experienced by the grain during the transportation and 
handling events. Every event of these loadings affects the stress/strain 
state of the grain and contributes to cumulative damage. To obtain the 
above state, material model under the dynamic loading is required. Like 
other materials, CSPs also respond differently under the dynamic loads as 
compared to static or quasi-static loads. Tormey and Britton’? have 
studied the effect of cyclic loading on propellant material response. They 
reported softening of propellant under extended vibration condition and 
a portion of hardening was regained during the given rest period. Wang 
et al.” have conducted uniaxial tests under low to moderate strain rates 
(up to 14.14 s~) and developed a non linear viscoelastic constitutive 
model incorporating the damage as a parameter. Open literature on 
propellant testing/response under dynamic load/high strain rates is 
sparse. In their service-life assessment of a solid rocket motor, Yilmaz 
et al.°* have shown that the damage induced due to the vibratory loads 
were not negligible for the chosen transportation and handling histories. 
They have reported that cumulative damage due to cyclic thermal stress 
is 20.8% and cumulative damage due to vibration is 1.55%. Moreover, 
they have used a linear viscoelastic constitutive material model 
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Fig. 6. Schematic of excessive deformation of grain when the grain is stored in vertical position (a) without end support; (b) with end support and (c) port deformation 


when stored in horizontal position.** 


developed for quasi-steady loading. Therefore, reasonable constitutive 
models of the propellant response under dynamic loading are required to 
assess the micro/macro material damage during transportation and 
handling events. 


3.3. Cyclic thermal stress due to ambient or environmental temperature 
variation 


Ambient temperature of a storage location has seasonal and diurnal 
variations. Fig. 7 represents these variations in the ambient temperature 
of a given storage location during a year. These variations in the ambient 
temperature are pseudo-cyclic in nature and are superimposed upon each 
other. The diurnal variation (high frequency component) has time period 
of 24 h and the seasonal variation (low frequency component) has time 
period of 1 year.° The above temperature variations produce thermal 
stresses and strains in the viscoelastic grain encased in metallic or com- 
posite case due to the mismatch in coefficient of thermal expansion and 
thermal diffusivity of case and grain respectively. The cyclic thermal 
stress is obtained in two steps: (a) temperature distribution in the grain 
due the given boundary conditions; (b) thermal strain and subsequently 
thermal stress developed due to geometrical constraint and thermal 
gradient. Temperature controlled storage or encapsulation of rocket 
motor using thermally insulated material reduces cumulative damage 
due to cyclic thermal stress. 

Geckler?°; Mahmoudi and Atefi°” estimated thermal stresses in grain 
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without case under periodic temperature boundary conditions. Zwick”; 
Zak°°; Tunc et al.°° calculated thermal stresses and deformation in grain 
with case under periodic/arbitrary temperature boundary conditions. 
Heller et al.°° obtained the thermal stress and strain in the long hollow 
thick cylinder (plane strain) with an outer insulation layer, under envi- 
ronmental temperature variation. Thangjitham and Heller®! have pre- 
sented a comprehensive procedure to calculate temperature, thermal 
stress and strain in a core-burning viscoelastic grain encased in a metallic 
case (plane strain) stored under outdoor storage conditions. The thermal 
loads included the variations of ambient temperature, sky radiation, 
wind convection and solar radiation. Each cycle of the above thermal 
stresses (loading/unloading) is associated with the ambient temperature 
and would cause a small damage in the thermo-viscoelastic grain. The 
cumulative damage due the repeated cyclic thermal stresses will result in 
failure of the grain. The following paragraphs summarize various cu- 
mulative damage assessment studies predicting failure in the grain 
caused by environmental temperature. 

Heller et al.” studied the failure of a long core-burning elastic grain 
encased in an insulated case (plane strain) due to environmental tem- 
perature using probabilistic approach. They considered the statistical 
variability of thermal load, strength and strain capacity. Power spectrum 
of thermal load was derived from 10 years time-temperature data. Re- 
sults showed that the diurnal temperature variation caused significant 
thermal gradient at the web whereas seasonal temperature variation gave 
rise to high tangential stress at the bore and radial stress at the grain-case 
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Fig. 7. Seasonal and diurnal variations in ambient temperature of a storage location. 
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interface. In continuation, Heller and Singh” have improved the above 
service-life predictions by modeling the grain as a viscoelastic material 
and including the effects of chemical & mechanical (stress induced 
deterioration) ageing on the mechanical properties. Similarly based on 
probabilistic failure criteria, Gligorijevic et al.°°°°.°4 showed that envi- 
ronmental temperature could cause significant cumulative damage 
leading to cracks in a grain within short period of shortage. Moreover, 
Gligorijevic et al.*° have used natural ageing data to include the chemical 
ageing effects on the mechanical properties. 

Using the first-passage method, Zibdeh and Heller® have also pre- 
dicted service life of a long, hollow grain (viscoelastic) encased in an 
insulated case and subjected to cyclic thermal stresses due to environ- 
mental temperature and chemical ageing. Thermal loads corresponding 
to a hot and a cold location were selected and service life was found to be 
shorter at the cold site. Janajreh et al.°° used first-order second-moment 
reliability method to predict the service life of an insulated-encased 
grain. This method correlated modulus and strength properties which 
were considered independent (with their variations) in the previous 
studies and were leading to more conservative estimates of service-life. 
Further, the ambient temperature was effectively represented only by 
its seasonal and diurnal variations, reducing the computational cost. The 
service-life prediction requires a reasonably accurate determination of 
stress & strain (at region of interest) in the grain stored under environ- 
mental thermal conditions, and a statistical model of the propellant 
strength & strain capacity. The determination of stress/strain depends on 
the statistical representation of thermal load and material constitutive 
model. During the storage, Margetson and Wong” measured the above 
stress (interface), strain (bore) and temperature using sensors instead of 
estimating them using constitutive model. Subsequently, the measured 
data were analyzed to determine the time dependent statistical variation 
of the peak stress and strain response. 

Ozupek°®; Yildirim and Ozupek®°° presented finite element based 
structural analysis procedure for a grain (aged/unaged; nonlinear 
viscoelastic) subjected to storage conditions, and deterministic approach 
based service-life prediction. The environmental temperature loads were 
modeled through the worst-case scenario (non-cumulative) defined by a 
two-step loading cases: 50 °C to mean temperature and mean tempera- 
ture to —32 °C. Propellant capabilities (strength and strain) against the 
predefined failure modes: cracking at bore due to tensile strain and 
debonding at liner-insulation interface, were obtained experimentally 
using strip and wedge tests. Yilmaz et al.°’ proposed reliability based 
service-life assessment methodology for an encased grain (linear visco- 
elastic) subjected to environmental thermal (including seasonal and 
diurnal variations) and vibratory loads. Uncertainties in material prop- 
erties and chemical ageing (Layton's model”°) were considered. Results 
showed that the thermal loads (diurnal temperature amplitude <5 °C) 
caused significant cumulative damage (>20%) during long storage 
period (40 years). 


3.4. Studies on cumulative damage at interfaces 


In the rocket motor, the interfaces involving propellant, liner, insu- 
lation and case are considered to be the critical failure locations. 
Propellant-liner is most critical transition interface and is highly strained 
while storage and firing. Compatible liner compositions are derived 
based on propellant polymer (HTPB) to achieve adequate interface 
properties.’! Zhou et al.”? provided a comprehensive review on these 
interfaces in terms of their adhesive properties, adhesive mechanisms, 
ingredients migration, damage determination and fracture analysis. 
Kakade et al.’° carried out experimental evaluation of interface bond 
strength and effect of ammonium perchlorate (AP) particle size on the 
interface properties. They also carried out accelerated ageing studies of 
interface samples at 50 °C for 6 months and found cohesive failure in 
propellant. They observed that as the percentage of AP increases, peel 
strength value decreases. 

In a large solid rocket motor, this interface varies from igniter 
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location to nozzle location (Fig. 8). As the web thickness of the grain 
varies in these locations, the thermal stresses induced at these locations 
also differ. Minuteman propulsion surveillance program’ *7° presented 
an approach to ageing studies of large solid rocket motors. It has 
considered ageing studies on components, sub-scale motors and full-scale 
motors. Failure models were categorized with respect to age sensitivity 
and mission criticality. The only realistic approach to estimate the service 
life is dissection of samples from full scale motor at different time periods 
and testing of the same. Analytical models were developed and validated 
using material property data at sample level. 

Liu and McCamey’° discussed on bondline interfaces of the solid 
rocket motor. The review emphasized that full scale motors are key 
components of a successful ageing program and modeling of accurate and 
correct environmental exposure of rocket motor for laboratory samples. 
Differences always exist between cartons and rocket motors with respect 
to polymeric system, cast geometry, size, flow characteristics, variability 
etc. Variability in gradients within the cartons and gradients within the 
motors, variability in ageing environments and variability in component 
populations were key attributes in evaluating margin of safety for the 
rocket motors. Further it has been observed that though propellant 
strength was consistent between motors and cartons, strain was generally 
much lower within a rocket motor than that obtained from carton data. 
Also, Young's modulus for propellant in rocket motors was considerably 
higher than that obtained from carton data. Mere use of chemical kinetics 
alone provides incomplete picture of actual ageing of rocket motor. 
Significant gradients in mechanical properties near bond interface due to 
chemical reactions or migration of species within the rocket motor were 
observed. Hence these stresses must be simulated in the laboratory 
samples. 


4. Chemical ageing 


The ingredients of CSPs remain chemically active throughout the 
shelf life of the propellant grains. The reactive state permits various 
chemical reactions over time in the presence of different stimuli like 
ambient temperature, humidity, air and ultraviolet radiation (UV). These 
chemical reactions are typically irreversible and cause significant dete- 
rioration in the propellant properties. The deterioration associated with 
the above chemical reactions is referred to as chemical ageing. The in- 
fluences of the above stimuli are minimized by storing the free-standing 
grain in metal/composite weather-sealed cases or by installing pressure 
membrane in case-bonded grain motor. However, even under standard 
propellant storage conditions, the grain is susceptible to ambient tem- 
perature variations due to its size and long storage duration. The ambient 
temperature (with its seasonal & diurnal fluctuations) acts as an incessant 
ageing stimulant for the chemical (also called natural) ageing of pro- 
pellants. Therefore, in the past, researchers have extensively studied the 
chemical ageing of propellants, stimulated by the ambient temperature. 
These studies were focused on understanding the degradation mecha- 
nisms and their impact on various propellant properties. Therefore, some 
researchers studied the chemical ageing of AP/HTPB & AP/AI/HTPB 
based CSPs as a complete system while other researchers preferred to 
study the binder systems alone since the binder system provided the 
required mechanical properties to the CSP and was severely affected by 
ageing. 

At ambient temperature, natural ageing processes are slow chemical 
reactions. Therefore, artificial (laboratory) ageing methods are employed 
to accelerate these reactions and to study their long term effects on the 
propellant properties within a reasonable time period. To intensify the 
effects of temperature stimulant, the propellant samples are stored at 
higher temperatures (than ambient) for shorter durations. On completion 
of the accelerated ageing, the aged samples are tested to measure a pre- 
decided property of the propellant and the change in this property is 
recorded with respect to the unaged samples. Further, Arrhenius or 
Berthelot equation’” is employed to extrapolate the above change in the 
property from short duration- high temperature ageing to obtain the 
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Fig. 8. Variation in propellant and its interfaces across the length of the motor. 


corresponding change in the property when the grain is stored for long 
duration at ambient temperature. The details of the above artificial 
ageing methods are described in the following section and chemical 
ageing of CSPs (temperature and moisture) and only binder system are 
presented in the subsequent sections. 


4.1. Artificial accelerated ageing methods 


In literature, the following three types of artificial accelerated ageing 
methods are reported: (a) isothermal, (b) non-isothermal (rate type), and 
(c) cyclic ageing. 


4.1.1. Isothermal ageing method 

In isothermal ageing method, samples are kept in an oven at constant 
temperatures (T,) higher than the actual service/storage temperature, 
represented by the constant annual ambient mean values (T;). After 
different time intervals (tọ) corresponding to different ages (t;), these 
samples are tested and change in a chosen property (P) is recorded. The 
shelf-life is estimated from the above ageing data (tọ AP(To)) using 
Layton's ageing model”? or thermal equivalent load principle?” or 
time-temperature rate equations such as Berthelot or Arrhenius equa- 
tions.” Typically, the following form of Arrhenius equation is used to 
correlate accelerated ageing condition (t,, To) to storage/service condi- 
tion (t, T;) for the given allowable change in the property. 


1 1 
Ts To 


Where R is the universal gas constant and E, is the apparent activation 
energy of the degradation processes (natural ageing). The above corre- 
lation assumes that the same degradation processes are occurring at To & 
Ts. However, there are many examples of non-Arrhenius behavior in 
literature, if T, is much higher than T;.’?°° In the above equation, Ea is 
unknown and is estimated as follows. From the above ageing data (to 
AP(T))), tos and corresponding Tos are obtained for various percentage 
changes in the property. The slope of In(t, 1) plotted against 1/T, for the 
different percentage changes in the property provides the value of ES 
Judge?‘ has provided the apparent activation energy of the natural 
ageing processes for AP/HTPB based CSP as 71-74 kJ-mol! and Shek- 
har” has reported the activation energy for AP/AI/HTPB based CSP as 
72.8 kJ-mol}, Celina et al.°” have also provided a similar approach based 
on the shift factor to estimate Ea. Shift factor correlates different 
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time-temperature-property data with respect to a reference temperature. 


4.1.2. Non-isothermal ageing method 

The isothermal method requires a few months to get a useful life 
estimation. Hence, there was a need for faster methods like the non- 
isothermal method. In this method, Ea of the degradation process is ob- 
tained through thermal analysis techniques such as thermo-gravimetric 
analysis (TGA; ASTM E1641) and differential scanning calorimetry 
(DSC; ASTM E698). They are frequently used to obtain kinetic parame- 
ters including E, of degradation and decomposition processes occurring 
at higher temperature (>200 °C). Subsequently, one elevated isothermal 
ageing is performed and the service life is predicted using Eq. (1). 
Flynn?’ ® have critically discussed the implementation, limitations and 
common drawbacks of using thermal analysis techniques for lifetime 
prediction. In case of composite solid propellants, researchers have 
indicated that natural ageing processes might be the dominant till 60 
°C-70 °C.?4348286 DSC and TGA are not very sensitive up to 100 °C, 
therefore, non-isothermal method was found to be ineffective for esti- 
mating apparent activation energy of natural ageing processes of CSPs. 
Nevertheless, non-isothermal method has been successfully used for 
lifetime estimation of other polymeric materials.°*°” 


4.1.3. Cyclic-thermal ageing method 

Noticeably, either of the above methods does not consider the diurnal 
and seasonal variations in the ambient temperature (the stimulant). 
Recently, Naseem et al.88 have developed cyclic-thermal ageing method 
for accelerated ageing of propellants. The method accounted for the 
variations in the stimulant and also related the natural ageing of pro- 
pellant grain with accelerated ageing of the propellant samples. The 
diurnal ambient temperature variations at a given location in a year were 
processed to obtain a characteristic diurnal variation (high frequency 
component), which was augmented with ambient mean (Tm) of each day 
to include the seasonal variation (low frequency component). This pro- 
cess provided 365 cycles of natural ageing stimulant corresponding to 
each day in a year. To constitute the accelerated ageing cycle, the in- 
tensity of the natural ageing stimulant was amplified by a AT increase in 
its mean with an accompanied reduction in its time period. Shortened 
time period (ta) of the accelerated ageing cycle, for a chosen AT, was 
estimated using a modified form of Arrhenius equation while ensuring 
that the quantum of damage was same during the natural and accelerated 
ageing. Heat transfer analysis of the propellant sample was performed to 
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ensure that T4 is large enough to subject its entire volume to same tem- 
perature cycling (homogeneous ageing). The maximum temperature in 
the above accelerated ageing cycles was always kept below 65 °C to 
ensure that only natural degradation processes were dominant during the 
accelerated ageing.°° 


4.2. Ageing studies on composite solid propellant 


In the chemical ageing of composite solid propellants, chemical re- 
actions occur among the ingredients of the propellant in which ambient 
oxygen and humidity may participate. The ambient temperature acts a 
stimulant for these reactions under the storage conditions. In the 
following sections, literature on temperature assisted chemical ageing 
and the chemical ageing wherein ambient humidity is reacting with the 
constituents of the propellant are reviewed separately. 


4.2.1. Thermo-chemical ageing 

Layton”® started the ageing studies of HTPB based composite solid 
propellants (CSP) and emphasized on chemical reaction kinetics during 
curing and ageing processes. The propellant was aged for 36 weeks at 
23.9 °C, 43.3 °C, 57.2 °C and 65.6 °C on AP-HTPB based propellant with 
88% solid loading. The objectives of this study were to understand the 
chemistry of ageing, correlate the chemical ageing results with the 
changes in mechanical properties and apply this understanding to other 
propellant systems. A technique was developed to separate binder 
(HTPB) during curing and ageing in terms of Sol (soluble or non 
cross-linked binder) and Gel (insoluble or cross-linked binder). Hence, 
the cross-linking was indirectly measured by the amount of gel. During 
curing, hydroxyl group of binder reacted with isocyanate (curing agent) 
and this curing reaction did not have any influence on the ageing reac- 
tion. The study showed that the percent gel increased as a linear function 
of logarithmic ageing time and the rate of increase was greater at 
elevated temperature. It was possible to extrapolate the 23.9 °C ageing 
curve to 32 years. However, there were no long time real (natural) ageing 
data available for this propellant for verification of the extrapolated 
result. 

Christiansen et al.°? extended Layton's study to higher solid loading 
range of up to 91%. They also verified his thermally accelerated ageing 
data with measured data of real ageing over six years. They concluded 
that the chemical reaction between AP and HTPB during ageing was the 
cause behind the change in the mechanical properties and the rate of this 
chemical reaction was controlled by the diffusion process. They observed 
that the deterioration rate due to ageing is slower in HTPB based pro- 
pellant as compared to other binder systems like CTPB and PBAN. They 
attributed this reduced ageing effect to the coating of AP surface with 
HTPB. 

Olson and Gill?’ measured the thermal decomposition rate coefficient 
of AP and the reactivity of HTPB individually and with the rest of the 
propellant ingredients. The thermal decomposition rate coefficient was 
measured by release of NH3 from small sample of AP at four tempera- 
tures between 71 °C and 107 °C, using NOx chemiluminescence monitor. 
The data were fit to Arrhenius equation with an activation energy of 
123.8 + 17.2 kJ-mol. HTPB reactivity tests were performed on samples 
which were exposed to a reactive gas (No, air, NO, and a mixture of 5.5% 
of No and 94.5% air) for 54 h at 71 °C. These reactivity tests involved 
measurement of weight gain/loss of binder, sol/gel analysis and molec- 
ular weight distribution analysis of the samples. The measured gain in 
weight of binder was due to the absorption of the reactant gases. Samples 
with AP or AP & Al showed an insignificant difference in the measured 
weight gain. Sol/gel analysis showed that the propellant with higher 
solid loading cured slowly. The sol content increased by roughly 70% in 
the samples with AP and increased by 2-3 times in the samples with 
AP/AI, irrespective of reactive gas environment. However, the authors 
doubted the sensitivity of the sol/gel analysis and molecular weight 
distribution analysis. Therefore, they recommended usage of more sen- 
sitive techniques to study the degradation of HTPB based propellants. 
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They assumed that the binder degraded after reacting with the byprod- 
ucts of decomposition of oxidizer. Earlier, Kishore et al”?! had 
demonstrated that AP decomposition provided oxygen for oxidative 
degradation of another binder (polystyrene). 

Bunyan et al.° also reported oxidative degradation (causing increase 
in cross-linking) of binder as the main contender for ageing along with 
recrystallization of AP (due to moisture) and migration of additives. They 
experimentally proved that the atmospheric oxygen is important for 
ageing. The increase in cross-linking density obtained using 
Charlesby-Pinner equation was higher for samples aged at higher tem- 
peratures. The variation in the cross-linking density was lesser and uni- 
form in the case of the samples aged at a lower temperature for a longer 
period. The variation in the cross-linking density was steeper near the 
surface and shallower near the core in case of the samples aged at higher 
temperatures for shorter periods. These observations indicate that the 
change in cross-link density is due to diffusion-driven oxidation process 
and hence the surface is more prone to ageing. They also noticed that the 
use of the burn rate catalyst increased the cross-linking density near the 
surface of the propellant. 

Hocaoglu’? aged samples with different cross-link densities for 300 
days at 65 °C. Various levels of cross-link density were achieved by 
changing molar ratios of isophorone diisocyanate (IPDI) to HTPB and 
antioxidant to HTPB. After every 30 days, uni-axial tensile tests and 
hardness tests were performed for four samples each. They observed that 
the samples with a higher ratio of IPDI to HTPB were more susceptible to 
ageing and deterioration. In the case of lower IPDI, a free radical 
mechanism drives cross-linking. They suggested that the decomposition 
of AP acted as a protonic initiator for the cross-linking reaction. The 
proton transfer mechanism due to its lower activation energy of ~13 
kcal/mol remains the main promoter for the increase in cross-linking. 

Judge** conducted isothermal ageing of an AP/HTPB based CSP for 
21 months at 38, 43 and 60 °C in semi-confined conditions to study the 
chemical kinetics and degradation mechanisms. He monitored modulus, 
strength, percentage elongation and sol-gel values and found that the 
oxidative cross-linking of the binder was the predominant degradation 
mechanism. Changes in modulus and soluble fraction were used to esti- 
mate the activation energy (71-74 kJ-mol!) of the propellant 
degradation. 

Researchers also sought techniques which required comparatively 
lesser quantity of propellant for the ageing study like differential scan- 
ning calorimetry (DSC) and dynamic mechanical analysis (DMA). de la 
Fuente”? aged AP/HTPB based CSP (86% solid loading) samples at 65 °C 
for 128 days. Ageing was monitored through glass transition temperature 
and its range (onset & end of the peak) using DSC. Both the parameters 
showed a continuous increase with ageing time. They also found a good 
correlation between the glass transition temperature range and Young's 
modulus obtained from samples aged under the same condition. How- 
ever, Cerri et al.‘s*° DSC study of AP/Al/HTPB based CSPs showed an 
insignificant change in glass transition temperature with ageing. DSC 
thermograms indicate changes in the glass-to-rubber transition temper- 
ature associated with the mobility unrestricted segments of the binder 
system. 

de la Fuente and Rodriguez” isothermally aged propellant samples at 
40, 60 and 80 °C for 5000 h and monitored the changes in dynamic 
mechanical properties: storage modulus and damping efficiency. They 
observed different ageing rates for samples obtained from inner and 
outer layers of the propellant block. Storage modulus data indicated 
different ageing rates for temperature below and above 60 °C. However, 
damping efficiency showed linear variation over the entire temperature 
range. 

Cerri et al.“ observed the effect of accelerated ageing (isothermal, at 
60-90 °C, up to 300 days) on two different AP/Al/HTPB based CSPs 
using DMA in torsion mode. Loss factor curves for both the types had two 
peaks. The first peak appearing at lower temperature correlated with the 
peak of DSC thermogram. The second peak was related to the 
glass-to-rubber transition at higher temperature and was influenced by 
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mobility restricted segments of the binder system, presence of fillers and 
their interaction with the binder. This analysis suggested that the in- 
crease in the chain scission and the cross-linking of binder chains were 
the two competing processes responsible for the ageing. 


4.2.2. Hygro-chemical ageing 

The diffusion/absorption of ambient moisture or water may severely 
affect the mechanical properties of the composite solid propellant and the 
adhesion properties at the propellant-liner interface. During the mixing 
process, AP is most susceptible to moisture contamination since it is a 
hygroscopic inorganic salt which is soluble in water. Moreover, finer 
(tens of micron order) AP particles are used to obtain higher burn rate. 
Therefore, moisture contamination is minimized by drying AP in bulk 
before the mixing process. Ineffective drying may lead to agglomeration 
(increase in mean particle diameter) during mixing and burn rate 
degradation. Further, longer drying period are practiced when ammo- 
nium oxalate (hygroscopic) is added to AP for reducing the burn rate of 
the propellant.°? McDonald et al.” studied the moisture effect on the 
burn rate and surface morphology (using optical microscopy and SEM) of 
aluminized CSP using finer AP particle. Propellant samples were initially 
aged at 70 °C for 10 days and at different levels of humidity before the 
above examination. They suggested that the decrease in the burn rate 
were due to increase in mean diameter of AP particle size and the cor- 
responding decrease in the effective surface area of the particle. 

During the curing process, the absorbed moisture reacts with the 
curing agent which leads to incomplete curing and subsequently the 
propellant does not achieve the required tensile strength after the cure.” 
In a typical storage condition, the trapped moisture/water vapor con- 
centration at the core of the grain would be equivalent to ~15% relative 
humidity, however, the storage ambient would be at ~30% relative 
humidity at 24 °C.”° During the storage period, the diffused moisture/- 
water vapor reacts with the polymer and the existing cross-links are 
broken (hydrolysis), resulting in the change in mass molecular distribu- 
tion and decrease of strength and stiffness of the propellant. The two 
possible sites for hydrolysis are the double bond of HTPB polymer 
backbone and the ionic bond at binder/filler interface. Iqbal and Liang’? 
have suggested that double bond of HTPB polymer backbone is least 
affected by hydrolysis. Nevertheless, double bonds of HTPB become 
susceptible to hydrolysis post oxygen attack. Further, hydrolysis would 
also lead to chain splitting in the presence of moderate to high humidity. 
Chang et al.”° developed 2D numerical model (finite volume) to study the 
diffusion of moisture over long time period (up to 10 years) in 
Nike-Hercules rocket motor and subsequent chemical reaction. They 
observed significant moisture penetration from outer surface to the core 
within 1 year. 


4.3. Ageing studies on binder systems 


Many researchers studied ageing behavior of the binder system alone 
since the CSP ageing was dominated by the degradation of binder which 
is susceptible to oxidation due to unsaturation in the polymer structure. 
These studies were also useful in understanding the ageing in insulator, 
present at the interface between CSP grain and rocket case. Deuri and 
Bhowmick”° studied HTPB based binder systems with different levels of 
initial cross-link density, obtained by varying the amount of curing agent. 
Samples were aged at 100, 125 and 150 °C up to six days and changes in 
hardness, elongation, tensile strength and tear strength were observed. 
No specific trends were found for hardness and elongation, but strength 
increased with ageing time & temperature. The activation energy of the 
degradation process was estimated as 50-65 kJ-mol. 

Akbaş et al.” studied the thermal ageing of HTPB binders between 50 
and 100 °C for 240 days. They monitored the changes in viscosity, 
functional end-groups, molecular weight, elastic modulus & elongation 
due to the ageing. They reported increase in viscosity, molecular weight, 
elastic modulus and decrease in elongation indicating embrittlement. 
They also indicated oxidative degradation of HTPB in which the rate of 
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cross-link formation was higher than the rate of chain scission reaction. 

Celina et al.°%°° conducted isothermal ageing of cured HTPB at 
different temperatures between 25 and 125 °C. Changes in various pa- 
rameters including modulus, elongation, density and oxygen consump- 
tion & permeation were monitored. Oxidation was inferred as the 
degradation mechanism. In thicker samples, it was restricted by diffusion 
of oxygen which led to heterogeneous ageing: different degree of dete- 
rioration from exterior points to interior points in the same sample. Using 
chemi-luminescence, Sinturel and Billingham?’ also confirmed hetero- 
geneous diffusion limited oxidative (DLO) degradation in HTPB. Arrhe- 
nius plot obtained from the above degradation monitoring parameters 
showed curvature, indicating different activation energies (70 & 120 
kJ-mol) for lower and higher temperature ranges. 


5. Monitoring of age in solid propellant rocket motors 


In the previous sections, different types of ageing in composite solid 
propellant rocket motors, its sources and mechanisms have been 
reviewed. It has been explained how the ageing causes significant dete- 
rioration in the propellant and propellant-liner interface. Moreover, the 
deterioration limits the service-life of the rocket motor and needs to be 
quantified for ensuring the intended operation of the system. In litera- 
ture, the changes in physical, mechanical and ballistic properties of the 
propellant have been used as passive means to monitor the ageing. 
Samples are drawn from the stored propellant/grain periodically and the 
above properties are measured and compared against the unaged pro- 
pellant properties. However, the above method of periodic testing is 
effective for monitoring physical and chemical ageing. Sub-scale system 
level testing, analysis and active health monitoring are required to cap- 
ture the cumulative damage effects and the deterioration of interfaces in 
the stored rocket. 


5.1. Effect of ageing on the physical properties 


Hardness measurement is used as a standard quality check for stored 
propellant grains. The propellant becomes harder with thermo-chemical 
ageing and softens due to hygro-thermal ageing.°°1°°1! Low tempera- 
ture storage makes propellant harder, nevertheless, the effects of physical 
ageing on the propellant hardness needs to be explored. Further, stress 
cycling effects on the propellant hardness requires detailed study. Rao 
et al.'°? have developed an in-situ technique, based on flat punch 
indentation, to correlate/evaluate the mechanical properties (modulus, 
strength and percentage elongation) of the stored grain. Optical micro- 
scopy and scanning electron microscopy have been used for qualitative 
investigation of the surface morphology of ageing propellants. However, 
these studies are inconclusive and it requires a newer approach. In the 
following sections, the ageing effects on the mechanical and ballistic 
properties of the propellant have been discussed along with the health 
monitoring method for the stored grains. 


5.2. Effect of ageing on the mechanical properties 


Various tensile and viscoelastic properties are measured and used 
while designing the propellant grain and performing the stress/strain 
analysis of the grain with the case, liner and insulator. Thermo-chemical 
ageing leads to embrittlement of the propellant which involves stiffening 
(increase in modulus) of the propellant at the cost of reduction in its 
percentage elongation. This is accompanied by an appreciable increase in 
the tensile strength and decay in dilatation properties of the propel- 
lant.”47088:103 Stress cycling effects on the tensile properties of an ageing 
propellant needs to be explored. Ageing effects on the viscoelastic 
properties are quantified through sinusoidal strain or stress application 
(dynamic mechanical analysis), creep and relaxation testing of unaged 
and aged samples. Loss factor curve flattens, 6 transition temperature 
decreases and storage modulus curve shifts upward (after 6 transition 
temperature) with the ageing.” Long period creep/relaxation testing of 
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propellant was not reported in the literature primarily due to the diffi- 
culty in maintaining low humidity level for the long period. Recently, 
Naseem!" has developed the short period creep-recovery testing pro- 
cedure for composite solid propellant and studied the ageing effects on 
various creep properties at three stress levels. Higher rate of deterioration 
in all the creep properties were observed in the initial phases of ageing 
due to the availability of higher concentration of reactants. Creep coef- 
ficient, maximum creep strain and recovery coefficient have more than 
50% decay at the end of 5 years of equivalent natural age for the three 
stress levels. Hygro-chemical ageing effects on the tensile and viscoelastic 
properties requires attention of the researchers as they are not 
well-studied. 


5.3. Health monitoring of ageing motor 


The propellant-liner-insulation interfaces have some features of 
adhesively bonded interfaces. Double cantilever sandwich tests, tensile 
bond strength tests and peel tests are used to measure the interface bond 
strength. Accelerated ageing studies on the interfaces using wheel-peel 
test and tensile bond strength tests have shown cohesive failure in the 
propellant.”° Peel test of a propellant-liner interface by Toulemonde 
et al.!°° also indicated cohesive fracture in propellant. Zhou et al.’”!°° 
simulated the debonding at the interface using cohesive zone model and 
investigated the same using experiments. Their results demonstrated that 
cohesive zone models can simulate the initiation and propagation of 
interface cracks in mode I. This is applicable for any pre-existing cracks at 
the interface and their propagation over a period of time. The extensive 
review by Zhou et al.” on the adhesively bonded interface in a solid 
rocket motor details the various complex phenomena involved in 
degradation of the propellant-liner interfaces. Residual thermal stresses 
accumulated during the cool down process in the rocket motor are one of 
the prime factors in determining the useful life of a rocket motor. 

Sub-scale motors were used to measure the actual strains and stresses 
in the full-scale motor, using strain gauges, photoelasticity, X-ray testing, 
ultrasonic testing and destructive tests and firing tests. It was observed 
that high stresses and strains (caused by large temperature fluctuations) 
contribute to large amount of cumulative damage. In case bonded pro- 
pellant grain, these stresses were proportional to the difference between 
the thermal expansion co-efficient of propellant and case. Tussiwand 
et al.’°” considered non-destructive and built in methods for ageing state 
determination of solid rocket motors. Dual bond stress and temperature 
(DBST) sensors were embedded onto the inner side of the rocket motor 
case. The motor case is insulated and the response of DBST sensors in the 
insulated case was measured by applying known temperature history and 
the values were recorded. After propellant casting, the temperature cycle 
was repeated and stresses were recorded. Stress data obtained after 
storing the motors at different temperatures and durations indicated 
good correlation with the Arrhenius equation. 


6. Conclusions and suggestions 


A comprehensive review on the ageing of AP/HTPB based composite 
solid propellants have been presented, along with the evolution of this 
propellant. Physical ageing is a concern for low temperature storage 
conditions and should be studied to account for its effects on the pro- 
pellant properties. Researchers have shown that the migration of plasti- 
cizer can be minimized and have small impact on the shelf-life of the 
grain. However, it could adversely affect the adhesion properties of the 
propellant liner interface. Further, the diffusion of humidity in propellant 
grain and the associated hygro-chemical ageing need to be explored in 
detail. 

Substantial amount of research have been conducted on thermo- 
chemical ageing of different types of composite solid propellants and 
efforts were made to understand the respective degradation mechanisms. 
Results showed that the thermo-chemical ageing makes propellant 
harder, stiffer and significantly reduces its strain carrying capacity. These 
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deteriorations lead to failure (cracks & debond) of grain during shelf-life 
and the aged propellants become incapable of resisting high strain rate 
loading while motor firing. 

Cumulative damage in the grain due to various stress fields have been 
extensively studied and subsequently service-life prediction models were 
proposed. Effects of thermo-chemical ageing have also been included in 
these prediction models. However, the deterioration of propellant-liner 
interface has not been considered which is critical in larger motors. 
Moreover, the cumulative damage due to vibratory loads has not been 
adequately addressed in these models due to the nonavailability of pro- 
pellant mechanical response under forced vibration. Better sensors and 
techniques are required for the effective health monitoring of the stored 
motors. 

Aforementioned review presents a comprehensive outline of many 
advancements which have been made in understanding the ageing in AP/ 
HTPB (both non-aluminized and aluminized) based composite solid 
propellants. However, there are still following problems and should be 
addressed in the future. 


Physical ageing in composite solid propellants at low temperature 

storage condition and its influence on mechanical and ballistic 

properties 

Modeling of humidity diffusion in the propellant grain, its impact on 

AP particles and subsequent effects on the propellant properties 

e Propellant mechanical characterization under dynamic loading and 

development of the respective constitutive material models 

Study of slump due to small acceleration loads during transportation 

and high acceleration loads during flight 

Improved sub-system level modeling & testing for propellant-liner 

interface to achieve better correlation with full scale motor 

Detailed study of hygro-chemical ageing of the propellant and its 

interaction with other chemical ageing modes 

e Effects of chemical ageing on the ballistic properties of the propellant 

e Development of a comprehensive laboratory ageing methodology and 
safe-life prediction model which effectively captures actual grain 
service condition, consists of different storage locations for different 
time periods and intermittent transportation/handling 

e Development of sensors and techniques for active health monitoring 

of stored grains 
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